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ABSTRACT: The Dieselgate scandal which broke in September
2015 demonstrated that vehicle manufacturers, such as the
Volkswagen Group (VWG), engaged in software-based manipu-
lation which led to vehicles passing laboratory-based emission
testing limits but were far more polluting while being driven on
roads. Using 23 000 on-road remote sensing measurements of
light-duty Euro 5 diesel vehicles in the United Kingdom between
2012 and 2018, VWG vehicles with the “Dieselgate-affected”
EA189 engine demonstrated anomalous NOx emission behavior
between the pre- and post-Dieselgate periods which was not
observed in other vehicle makes or models. These anomalous
changes can be explained by voluntary VWG hardware and
software fixes which have led to improved NOx emission control.
The VGW 1.6 L vehicles, with a simple hardware fix and a software upgrade, resulted in a 36% reduction in NOx, whereas the 2.0 L
vehicles that required a software-only fix showed a 30% reduction in NOx once controlled for ambient temperature effects. These
results show that even minor changes or upgrades can considerably reduce NOx emissions, which has implications for future
emission control activities and local air quality.
■ INTRODUCTION
Ambient nitrogen dioxide (NO2) concentrations around
European roadside environments is a significant concern
owing to the deleterious health effects this pollutant causes.
In the past few decades, decreases in concentrations of NO2,
the regulated component of nitrogen oxides (NOx), have been
achieved across Europe.1 Despite this, hourly and annual legal
limits imposed by the European Union (EU) 2008/50/EC Air
Quality Directive are still breached by many countries.2,3 This
roadside NOx issue is not seen as a significant issue in other
locations such as the United States (USA), Asia, Africa, or
Oceania because it is driven primarily by diesel-powered
vehicles. Europe has seen a much higher penetration of diesel-
powered light-duty vehicles than other markets,4 and these
vehicles tend to emit greater amounts of NOx and NO2 when
compared to gasoline-fueled vehicles, primarily due to their
lean combustion cycle.5
A discrepancy between laboratory and on-road NOx
emissions was first reported by the Center for Alternative
Fuels, Engines & Emissions, West Virginia University, after a
project investigating real-world NOx emissions coordinated by
the International Council on Clean Transportation (ICCT).6
On September 18, 2015, the Volkswagen Group (VWG) was
issued a Notice of Violation (NOV) by the U.S. Environmental
Protection Agency (EPA) for the discovery of an illegal defeat
device for vehicles powered by two liter diesel-fueled engines
manufactured between 2009 and 2015.7 VWG admitted to the
illegal defeat device in late September 2015, and the resulting
political, legal, and environmental fallout is referred to as the
“Volkswagen emissions scandal”, “Dieselgate”, or “emissions-
gate”. The impact of excess NOx emissions has been
extensively considered after September 2015, and legal actions
are ongoing.8−11 Despite Dieselgate’s origin being the USA,
the air quality consequences of excess NOx emissions from
light-duty diesel vehicles are much more relevant to Europe.4
The VWG defeat devices uncovered by Thompson et al.6
interfered with NOx after-treatment systems, namely, selective
catalytic reduction (SCR) and lean NOx traps (LNT). In the
European market, these efficient after-treatment systems were
not used on the equivalent vehicles because of the more lenient
Euro 5 emission standards at the time of sale. Therefore, the
European light-duty diesel-powered vehicles relied only on less
effective Exhaust Gas Recirculation (EGR) for their NOx
control. It would be expected, therefore, that any “fix” would
result in less of an improvement in NOx emissions compared
with vehicles in the USA. However, current knowledge of the
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effectiveness of any vehicle recalls and fixes in Europe on in-use
NOx emissions has not been established.
In the UK, different fixes were applied to the VWG 1598 and
1968 cc vehicles with the EA189 engine. In the case of 1598 cc
engines, hardware and software fixes were required that
consisted of a “flow transformer” fitted directly in front of
the air mass sensor to stabilize the air flow and allow for more
accurate detection of mass flow. In the case of the 1968 cc
vehicles, only a software fix was required. All fixes in the UK
were voluntary, but in other European Union (EU) member
states such as Germany, France, and Austria, these recalls were
mandatory.12 These modifications are in stark contrast to the
fixes required in the USA where replacement of NOx after-
treatment systems were often required, along with particulate
filters with strict durability requirements which had to be
met.13
The primary objective of this work is to investigate light-
duty Euro 5 diesel vehicles NOx emissions for two distinct
periods: before and after the Dieselgate scandal, hereafter
referred to as pre- and post-conditions. Specifically, the
principal aim is to quantify NOx emission changes of affected
VWG vehicles in comparison with emissions from other
manufacturers. A comprehensive vehicle emission remote
sensing data set collected in the UK is used to explore
thousands of individual vehicle emission measurements for
popular manufacturer groups.
■ MATERIALS AND METHODS
On-Road Remote Sensing. The University of Denver’s
Fuel Efficiency Automobile Test (FEAT) remote sensing (RS)
instrument was used to measure on-road vehicle NOx
emissions for all measurement campaigns.14 The instrument
measures ratios of NO and NO2 to CO2 in individual vehicle
exhaust plumes, which can readily be expressed as fuel-
dependent emission factors, for example, g kg−1 of NOx.
Further, in-depth details about the FEAT RS instrument,
measurement principles, monitoring setup, and calibration
procedures can be found in previous publications.15−17
Measurements with the FEAT RS were taken in the north
and south of England, UK, in 10 locations and between May
2012 and April 2018 (Figures SI 1 and 2; Table SI 1).16,18 All
data were processed to conform to a constrained data model
resulting in a harmonized database.19 The vehicle captures in
the database were filtered to only contain type approval
categories of M1 and N1 (passenger cars and light-duty vans,
respectively) and Euro 5 diesel vehicles. These filters ensured
that the vehicles which were in-service pre-Dieselgate were also
in-service post-Dieselgate. The pre- and post-measurements
were conducted under similar driving conditions. For example,
the average Vehicle Specific Power (VSP) were 5.3 and 5.6 kW
t−1, respectively. The mean speed of the vehicles was 35.9 km
h−1 with a minimum and maximum of 8 and 106 km h−1. The
same site was used in 76% of the post-measurements and 42%
of the pre-measurements, providing consistency between the
two periods.
For the VWG marques, Volkswagen, Audi, Škoda, and
SEAT, the engines which displaced 1598 and 1968 cc were
assumed to be of the EA189 engine family which were the
focus of Dieselgate.20 In the pre-period monitoring sessions,
the EA189 engines would have been operating in their factory
state, i.e., with any defeat devices active. However, by 2017 and
2018, many of these vehicles would have had fixes applied
which involved new software and/or hardware to reduce their
on-road NOx emissions. With a random sample of 200
Volkswagen vehicles (only VW and not other marques) in the
data set, it was found that 70% of passenger cars had this
service action applied, while only 42% of vans had the fixes
applied (as of mid-July, 2019). The self-service website VW
provides was used for this process, and 149 cars and 51 vans
were included in the sample.21 The estimated proportion of
updated vehicles is in good agreement with regular European
Commission reporting of 70% as of March 2019 for all EA189
affected vehicles in the UK.12
Vehicle technical data such as make, model, engine size, date
of manufacture, type approval category, mass, and Euro status
were used to classify vehicles into “vehicle families” in a similar
way described by Bernard et al.22 Here, a vehicle family was
defined as a combination of fuel type and Euro status (all
vehicles were Euro 5 diesel, however), type approval category
(passenger cars (M1) or vans (N1)), manufacturer group, and
engine size (rounded to 0.1 L). There were a total of 142
vehicle families in the data set. Forty-four vehicle families were
selected for ambient temperature modeling (discussed below)
because 30 valid NOx measurements were required in each of
the two time periods for the modeling process to occur (Table
SI 2). For the makes or marques belonging to each
manufacturer group, see Table SI 3.
Almost 23 000 valid NOx emission measurements were
analyzed with 13 600 measurements in the pre-Dieselgate
period, while 9100 measurements were available from the post-
Dieselgate period. The two monitoring periods were conduced
in different mean temperature conditions with the pre-
Dieselgate period being an average of 19.8 °C compared to
10.7 °C for the post-Dieselgate period (Figure SI 3).
Accounting for Ambient Temperature. Ambient
temperature is an important driver of NOx emissions for
light-duty diesel vehicles17 and to account for this effect, a
Generalized Additive Model (GAM) was developed.23 A GAM
was chosen as a flexible modeling framework that can account
for nonlinear responses, which are important in the case of
ambient temperature and emission of NOx and also
interactions between covariates. The latter issue is important
in the current context because the temperature response of
NOx emissions is not fixed but depends on the vehicle family
being considered. A range of model formulations was
developed, with the final model shown in eq 1:
= + +E f T f T d( ) ( ) (period, vehicle)NO ambient vehicle ambientx
(1)
where ENOx is the fuel-specific emission of NOx, f(Tambient) is a
smooth function of ambient temperature, f vehicle(Tambient) are
individual vehicle-specific smooth functions of ambient
temperature, and d(period, vehicle) is the random effect
interaction between period and vehicle. In this case, period
takes the values for the pre- and post-Dieselgate periods. The
models were developed for vehicle families with at least 200
measurements. This resulted in 26 vehicle families being
included in the GAM modeling.
The model does not include a term for VSP because there
were very similar mean VSP values in the pre- and post-
Dieselgate monitoring periods. The model can be considered
as a hierarchical GAM, as described in detail by Pedersen et
al.24 When using the models to control for ambient
temperature, the mean temperature of the data set was used:
16 °C. Uncertainties, expressed as 95% confidence intervals in
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the mean for the predicted emissions were also obtained from
the model.
■ RESULTS AND DISCUSSION
Mean NOx Emission Changes. Mean NOx emissions for
light-duty Euro 5 diesel vehicles showed considerably different
responses across the two time periods when monitoring took
place (pre- and post-Dieselgate) and across different vehicle
families (Table 1). These simple before/after differences using
the raw data show that in the case of passenger cars (M1), the
VWG 1.6 L vehicles showed the greatest reduction in NOx of
36.2%. The second greatest reduction for passenger cars were
the VWG 2.0 L vehicles with a NOx reduction of 21.8%.
Similarly, for diesel vans (N1), the 1.6 L VWG vehicles had the
greatest reduction in NOx of 22.5%. The results shown in
Table 1 exhibit clear consistency between different manufac-
turer groups, as seen by the typically close proximity of
different vehicle manufacturer models. For a larger table
containing more manufacturer groups (a total of 44), see Table
SI 4.
Table 1 also shows that NOx emissions from the many
vehicle families were higher in the second, post-Dieselgate,
monitoring period. This more NOx polluting behavior can be
explained by the low temperature NOx emission penalty
reported by Grange et al.17 (with a similar data set), which
results in higher NOx emissions at lower temperatures.
Some vehicle families from a few manufacturer groups such
as GM, RNA, and FCA, were found to emit approximately
twice as much NOx in the cooler post-Dieselgate period
compared to the pre-Dieselgate period (Table 1 and Table SI
4). The vehicle families which had consistently small changes
to mean NOx emissions were BMW, Volvo, Tata, and PSA.
Figure 1 shows 1.6 and 2.0 L engine sizes (very popular engine
sizes in the UK) for three selected manufacturer groups
demonstrating the different pre- and post-Dieselgate NOx
emission behavior. GM vehicles demonstrated a strong
ambient temperature response where NOx emissions were
higher in the post-period owing to lower temperatures. BMW
vehicles showed good NOx control where NOx emissions were
low with little variation (when compared to other vehicle
families) between the two time periods, despite the differences
in ambient air temperatures for the two monitoring periods.
VWG vehicles were anomalous however, with considerably
lower NOx emissions for the post-Dieselgate period, with the
notable exception of the 2.0 L N1 vehicles.
Table 1. Descriptive Statistics for On-Road NOx Emissions for Three Manufacturer Groups’ (BMW, GM, and VWG) Light-
Duty Euro 5 Diesel Vehicles for Pre- and Post-Dieselgate Time Periodsa
TAC Man. group Engine size (L) Pre-Dieselgate (g kg−1) Post-Dieselgate (g kg−1) Delta (g kg−1) Change (%)
M1 VWG 1.6 24.9 [23.9, 25.9];n = 591 15.9 [14.8, 17.0];n = 437 −9.0 −36.2
M1 VWG 2.0 17.0 [16.3, 17.7]; n = 982 13.3 [12.5, 14.1]; n = 772 −3.7 −21.8
M1 BMW 3.0 9.3 [8.7, 9.9]; n = 390 8.8 [7.6, 10.1]; n = 144 −0.4 −4.8
M1 BMW 1.6 12.2 [10.1, 14.3]; n = 80 12.1 [ 9.7, 14.4]; n = 47 −0.2 −1.2
M1 BMW 2.0 13.1 [12.4, 13.9]; n = 694 13.1 [12.2, 14.1]; n = 422 0.0 0.1
M1 GM 1.7 17.3 [15.2, 19.4]; n = 139 21.6 [18.9, 24.4]; n = 75 4.3 24.6
M1 VWG 3.0 16.5 [14.8, 18.1]; n = 259 25.6 [23.0, 28.1]; n = 139 9.1 55.1
M1 GM 2.0 16.1 [14.7, 17.6]; n = 305 31.2 [28.7, 33.7]; n = 191 15.0 93.2
N1 VWG 1.6 26.1 [24.7, 27.4]; n = 252 20.2 [18.4, 22.0]; n = 160 −5.9 −22.5
N1 GM 2.0 21.0 [19.0, 23.0]; n = 200 27.4 [24.7, 30.1]; n = 133 6.4 30.4
N1 GM 1.2 15.3 [12.7, 17.9]; n = 48 23.6 [19.4, 27.7]; n = 60 8.3 54.1
N1 VWG 2.0 17.2 [16.1, 18.4]; n = 496 26.4 [24.9, 27.9]; n = 363 9.2 53.1
aThe summaries are ordered by type approval category (TAC) and mean change. The ranges represent 95% confidence intervals.
Figure 1. Mean NOx emissions for 1.6 and 2.0 L Euro 5 diesel engines for three selected manufacturer groups for the pre- and post-Dieselgate
(abbreviated as Pre-D. and Post-D.) time periods.
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All VWG vehicles, except for the N1 (vans) 2.0 L vehicle
family, showed significantly lower mean NOx emissions for the
post-Dieselgate compared to the pre-Dieselgate period (Table
1 and Figure 1). These decreases in mean NOx emissions for
the post-Dieselgate periods are anomalous when considering
the fleet as a whole and is interpreted as evidence that the
VWG service actions, recalls, or fixes for vehicles embroiled in
Dieselgate reduced on-road NOx emissions. Table 1 gives
evidence that the VWG service actions have reduced on-road
NOx emissions in the European market. There is evidence that
the VWG fixes reduced fuel efficiency, and the Handbook
Emission Factors for Road Transport (HBEFA) notes a
reduction of 4% with limited data.25 The fuel-specific emission
factors presented in Table 1 and Table SI 4 are not adjusted
for this potential effect.
It is important to note that the decrease in NOx emissions
for the VWG Dieselgate vehicles would be an underestimation
too, owing to only a proportion of vehicles being fixed between
the two time periods (≈70%). The inconsistency concerning
the VWG 2.0 L N1 vehicle family is interesting, however, and
is most likely due to owners of these vehicles being less likely
to submit their vehicle to be fixed because they are commercial
vehicles. Without access to more detailed service actions by
VWG, we cannot speculate further on what caused this
inconsistency.
NOx Emissions and Ambient Temperature. To account
for the strong ambient temperature dependency of NOx
emissions for light-duty diesel vehicles, a GAM model (eq 1)
was developed and used in a exploratory fashion for vehicle
families with at least 200 measurements. Figure SI 4 shows
smooth functions of NOx emissions against ambient temper-
ature for the 26 vehicle families included in the modeling. For
some manufacturers and engine sizes, there was a clear and
strong temperature dependence on NOx emissions. Examples
include GM and RNA vehicles. Conversely, there are some
vehicle manufacturers and models that show very little if any
temperature response, such as BMW. These results help
explain some of the changes seen in Table 1 and Figure 1.
The model shown in eq 1 was used to predict NOx
emissions for specific vehicle models for the pre- and post-
Dieselgate conditions for a f ixed ambient temperature. The
predictions were made for 16 °C, corresponding to the mean
temperature of the full data set. The change in NOx emissions
(post- minus pre-) is shown in Figure 2 for passenger cars
(M1) and vans (N1).
For passenger cars, it is clear from Figure 2 that the two
VWG vehicles with affected engines show the greatest
reduction in NOx and that the reduction for the 1.6 L engine
vehicle is considerably more than any other vehicle
manufacturer or model. Compared with Table 1, the large
increases in NOx seen, for example, for the GM 2.0 L vehicle of
15.0 g kg−1 are dramatically reduced (to around 0.7 g kg−1, as
shown in Figure 2) when temperature effects are accounted
for. These results highlight the considerable importance of
ambient temperature affecting emissions of NOx from some
vehicle models and the need to control for temperature when
quantifying changes in emissions.
There are few other studies that report the change in
emissions owing to the software and hardware fixes
implemented by the VWG in Europe. However, the ICCT
summarizes tests from a few individual vehicles tested over a
highway cycle.13 The tests on two 1.6 L VW Golf vehicles
showed a reduction of 55% and 28%. Smaller reductions were
observed for the 2.0 L vehicles (six tests) with a median
reduction of 12%. Even through these results are limited by
sample size and tests over a variety of driving conditions, they
are consistent with our findings that show the hardware and
software fixes on the 1.6 L vehicles resulted in a greater
improvement in the emissions of NOx compared with the
software-only fix on 2.0 L vehicles.
On the basis of eight EA189-powered vehicles, HBEFA
(version 4.1) gives updated Euro 5 emission factors for
vehicles which have undergone software fixes.25,26 NOx
emissions were estimated to decrease by approximately 30%.
Although this result is consistent with the analysis reported
here, it does not differentiate between engine sizes or the
different types of fixes applied.
The analysis in the current work shows that simple hardware
and software fixes implemented on VWG vehicles after the
Dieselgate scandal have led to improved NOx emission control.
Given the large share that these vehicles have in the UK
market, the reductions in NOx emissions are important to
Figure 2. Predicted NOx emission deltas at 16 °C for M1 (passenger cars) and N1 (vans) vehicles using the model described by eq 1.
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consider. Furthermore, given the wider popularity of these
vehicles across Europe, the resulting emission reductions
coincide with wider actions to reduce urban NOx and NO2
concentrations through actions such as low emission or clean
air zones. The “fix rate” across European countries for the
EA189 engine varies widely from about 30% to over 90%,12
which suggests there is scope for further NOx reduction than
has been achieved to date.
While these results are welcome from an air quality
perspective, they also highlight the importance of other factors
leading to excess emissions of NOx. It is clear, for example, that
ambient temperature has a strong influence on light-duty
vehicle NOx emissions, with the potential for substantially
increased emissions under colder ambient temperatures. The
analysis of emissions in the current work demonstrates that the
effect of temperature varies widely among the different vehicle
manufacturers and models, with some manufacturers demon-
strating almost no low temperature penalty. For the vehicles
with a strong temperature dependence, emissions of NOx can
be increased beyond the changes brought about by the actions
to fix VWG vehicles. In this respect, improved emission
controls over a wider range of temperatures from more
manufacturers would offer significant further reductions in
NOx emissions in vehicle fleets throughout Europe.
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